The overlayer growth of cobalt on Mo(ll0) and the adsorption of CO and deuterium on Co/Mo(llO) have been studied by Auger electron spectroscopy (AES), low-energy electron diffraction (LEED) and temperature-programmed desorption (TPD). Co grows layer by layer on Mo(ll0) at a sample temperature of 115 K. Annealing multilayers of Co on Mo(ll0) to > 400 K results in the formation of three-dimensional (3D) Co clusters. The TPD spectra of Co from Mo(ll0) reveal two desorption peaks, & and &, with activation energies of 82 and 85 kcat/mol, corresponding to desorption from 3D Co clusters and the first uniform Co overlayer, respectively. Submonolayer Co (( 0.75 ML, where 1 ML corresponds to the atomic density of the Co(OOOl) surface) is believed to form a pseudomorpbic layer on Mo(ll0) upon annealing to 400 K. Co coverages from 0.75 to multilayers, annealed to 500 K, exhibit the following LEED patterns: a 9 X 2 structure, a hexagonal structure, and a 2 X 2 structure. The 9 X 2 and hexagonal structures are interpreted to correspond to a distorted lattice of Co(OOO1) and to 3D Co clusters on Mo(llO), respectively. The TPD spectra of CO or Dz on Co overlayers show desorption features with lower activation energies than the analogous desorption features from bulk Co@OO1).
Introduction
Recently, considerable scientific attention has been directed toward the understanding of thin metal films on metal single-crystal substrates. The interest in these systems relates to the importance of mixed-metal catalysts in the chemical and petroleum processing industries. Other considerations include the potential of these materials for corrosion protection. Previous studies have made significant progress toward understanding the interaction of a metallic thin film with a singlecrystal substrate [l-lo] . The most striking result of these investigations is that an ultrathin metal film usually exhibits different structural, electronic and chemisorptive properties from those of the bulk metal [l-10] .
Recently, we have carried out studies of the growth of Co on Mo(ll0) and the chemisorption of CO and deuterium on Co/Mo(ltO) surfaces utilizing Auger electron spectroscopy (AES), lowenergy electron diffraction (LEED), and temperature-programmed desorption (TPD). The results are presented and discussed in this paper_
The experiments were performed in a conventional UHV chamber which has been described in detail previously [ll] . In brief, this chamber is equipped with AES, LEED, and a mass spectrometer for TPD. Cobalt deposition was carried out utilizing an evaporative metal source. High purity (99.996 at%) Co wires were either wrapped around a W filament or directly heated. Prior to each experiment, the Co source was intensively degassed. No detectable impurities were found on the cobalt overlayers by AES. For an anneal, the Co/Mo(llO) surface was held at an elevated temperature for -4 s. It was found that annealing for an extended time f-120 s) caused no further change in the experimental results.
A clean surface of Mo(ll0) was obtained using a relatively simple procedure 1121. The Mo(llO) surface was oxidized at 12~-1800 K under oxygen pressure of lo-' Torr. After the oxidation, only oxygen remained on the surface. This, in turn, was removed by flashing the sample in vacuum to 2000 K. The above procedure yielded a clean surface ( < 1% atomic 0, S, and C) which exhibited a sharp substrate LEED pattern with low background intensity.
A heating rate of approximately 10 K/s was used to obtain all TPD spectra. crystal as consisting of a set of planes, the lines and breaks indicate a layer-by-layer growth of Co on Mo(ll0) (a Frank-van de Merwe mechanism (FM) [1, 2] ). A layer-by-layer metal growth process has been observed for many mixed-metal systems [3-lo] . This type of growth is sometimes called a "pseudo-FM mode" and is a consequence of the low mobility of the deposited atoms at low T,, rather than equilibrium thermodynamics. As will be shown, when sufficient energy is supplied to the system, multilayer Co nucleates into 3D clusters residing on top of a uniform first monolayer, a growth process described as a StranskiKrastanov (SK) mode ]1,2]. Recent studies of Pt films on Pd(lO0) [14] indicate that films grown at low substrate temperatures ( < 115 K) exhibit considerable imperfections. From these studies it is, therefore, anticipated that the growth mode of Co on Mo(l10) at T, = 115 K is likely far from perfect layer-by-layer. The imperfections of the Co films are evident in the changes in the CO/MO AES ratio as a function of the annealing temperature (shown below). The first break in the AES plot of fig. 1 is defined to occur at a Co coverage of 1 ML. It will be shown that this 1 ML best corresponds to the atomic density of Co (0001) (1.837 X lOI atoms/cm*) rather than the density of the Mo(ll0) surface (1.428 X 1015 atoms/cm2). Fig. 2 shows the ratios of the Co AES peak at 775 eV to that of MO at 186 eV, taken from fig. 1 . As pointed out previously [8] , this ratio has an advantage over the intensity curves of fig. 1 in that it provides data that can be conveniently compared from laboratory to laboratory. Fig. 2 shows a parabolic behavior at low coverages and an almost linear relationship at Co coverages > 3 ML. Fig. 2 is used to calibrate the Co coverages for the subsequent LEED, ELS and TPD results of CO and DZ adsorption on Co/Mo(llO).
In fig. 3 are shown the AES ratios of Co to MO as a function of annealing temperatures. Co was deposited onto Mo(ll0) at 115 K and then annealed to the indicated temperatures. At a CO coverage of 0.95 ML, the CO/MO AES ratio shows no significant change up to 1100 K. Between 1200 and 1500 K, the decrease of the AES ratio is caused by Co desorption. At multilayer coverages, the AES ratios show a significant decrease above 400 K which is usually explained as arising from formation of 3D clusters [3-lo] . Fig. 3 following Co deposition to various coverages at a sample temperature of 115 K: (1) 0.6 ML, (2) 0.8 ML, (3) 0.95 ML, (4) 1.1 ML, (5) 1.3 ML, (6) 1.7 ML, (7) 1.8 ML, and (8) 2.9 ML. A plot of the AES ratio of the intensity of Mo(186 eV) to Co(775 eV), I,*,,, eVj/IMo(,86 eVJ, as a function of the integrated TPD peak areas is inserted. fig. 4 ) of the TPD area versus the AES ratio, Ic0(775 eV/1Mti186 evj. The curve is fit by two straight lines with a break at an AES ratio of 0.17 which corresponds to a Co coverage of 1.1 ML in fig. 2 . Thus, the coverages deduced using the two different relationships, the AES ratio versus evaporation time and the AES ratio versus TPD area, are in good agreement.
Arrhenius plots for the & and f12 desorption states are shown in fig. 5 . In making these plots, we have assumed zeroth-order desorption kinetics for both the /3 states. (ll0) to Co(OOO1) is 0.776, consistent with the observation that the pseudomorphic structure is maintained only up to 0.75 ML Co. Above 0.75 ML, a new LEED structure appears (see the following section). This suggests that the monolayer coverage, assigned from the AES and TPD results, is best defined as corresponding to the atomic density of Co(OOOl), rather than that of Mo(ll0).
It is also noteworthy that the integral spots associated with the pseudomorphic layer are nearly as sharp and intense as those of clean Mo(l10). The long-range order of the substrate is therefore well preserved upon deposition of submonolayer Co. This result suggests that alloying of Co with MO at the interface is unlikely.
The 9 X 2 structure
Upon deposition of Co to a coverage above 0.75 ML followed by an anneal to T, > 500 K, fractional spots appear along the (001) direction. The spacing between two neighboring fractional spots is 4 that of the two neighboring integral spots. The corresponding LEED pattern is shown in fig. 7a , following a deposition of 1.35 ML Co at T, = 115 K and a subsequent anneal to 1075 K. Fig. 7b is the schematic drawing of the pattern. This structure is designated as 9 X 2 (referred to the lattice indicated by C, and C, in fig. 7b ), iieal to 1075 K. indict te a unit following a previous assignment for a similar structure observed for Ni on W(ll0)
by Kolaczkiewicz and Bauer [3]_ This 9 x 2 structure is seen over a wide range of Co coverages ( -0.75-4 ML) on Mo(l10) following an anneal of the surface to 500-1400 K. Annealing causes an increase in the intensity and sharpness of the fractional order spots. However, annealing a relatively high coverage (-3 ML) of Co results in an increase in the intensity of a portion of the fractional spots at the expense of others. The intensified fractional spots form a new hexagonal pattern with a different lattice constant from those of the Mo(ll0) substrate (see section 3.3.3).
The 9 x 2 structure or 9 X 2-like structures have been observed for many metal overlayer systems, particularly for an fee metal overlayer on a bee (110) (solid lines). The unit cell of the Co overlayer is based on the following considerations: (a) Since the 9 X 2 structure is obtained with a Co coverage higher than that corresponding to a pseudomorphic layer, the unit cell of Co (in reciprocal space) is anticipated to have a larger area than that of Mo(l10). The area ratio of the two unit cells in fig. 7b is 0.818, compared to 0.776, the density ratio of Mo(ll0) to Co(OOO1). (b) The satellite spots of the 9 x 2 structure appear only atong the (00X) direction This suggests that along the (l?O) direction, the lattice constant of the Co overlayer is the same as that for Mo(ll0).
(c) Co clusters (as shown in the following section) exhibit a LEED pattern with a unit cell similar to that shown in fig. 7b . Clusters with the (0001) orientation parallel to Mo(ll0) appear to be gradually formed at the expense of the 9 x 2 structure.
The 9 x 2 Co structure requires considerable distortion of the Co lattice from the (0001) lattice structure, 8.0% along the (li0) direction and 7.7% along the (001) direction. However, this lattice is less strained relative to the Co(OOO1) structure than is the pseudomorphic lattice.
The hexagonal structure
Figs. 8a and 8b show the LEED structure together with its schematic representation obtained from Mo(ll0) covered with -4 ML Co and annealed to 845 K. This structure clearly is a superposition of two hexagonal (or quasi-hexagonal) structures. The new hexagonal structure (dashed lines in fig. 8b ) is induced by the Co overlayers. Two characteristics of the new hexagonal spots are noteworthy: (a) It is a transformation of the 9 x 2 pattern discussed previously. With heating, some of the fractional spots of the 9 x 2 structure increase in intensity at the expense of the others. (b) The intensity of the spots increases as the Co coverage increases (up to 4 ML). The six-fold symmetry indicates that the new hexagonal pattern corresponds to Co clusters with their (OOOl)-hcp planes parallel to Mo(ll0). Hexagonal patterns have been seen for (111) Cu clusters on Re(OOO1) [lo] and (111) Fe clusters on W(110) [6] . The lattice constants of the cluster patterns were computed based on the substrate LEED patterns and found to be in excellent agreement with those of Cu(ll1) and Fe(lll), respectively [10, 6] . The ratios of the lattice constants in fig. 8b are a/b, = 0.89 and a/b, = 0.78. However, the smaller lattice constants of Co(OOO1) compared to Mo(ll0) (in real space) should give rise to a hexagonal LEED pattern with a unit cell larger than that of Mo(l10). The lattice of the clusters corresponding to the new hexagonal pattern in fig. 8a therefore must be considerably expanded (8.0%) compared to the (0001) lattice. Factors giving rise to the apparent expanded lattice of the 3D Co clusters are not presently understood.
Figs, 8a and 8b show that Co grows on Mo(ll0) following the Nishiyama-Wassermann (NW) orientation [1,2], i.e., the flll] plane of Co is parallel to the fllO] plane of Mo(ll0) with alignment of (OOl),, and (Oil),.
The 2 x t structure
Following deposition of a high coverage of Co( > 5 ML) at 115 K, no LEED pattern is seen, i.e., the diffraction spots from the substrate are totally attenuated. After annealing this surface to -1100 K, a 2 X 2 LEED pattern (in fig. 9 ) is observed. The intensity of the integral spots of this 2 X 2 pattern is higher than that of the half-order spots. This pattern is seen only at high coverages of Co( > 4 ML) which have been annealed to high temperatures (lo-12~ IQ. However, annealing to T > 1200 K (onset of Co desorption) eliminates the 2 X 2 pattern and results in the appearance of the 9 x 2 structure.
A 2 X 2 pattern has been only rarely reported for an fee overlayer on a (110) surface of a bee metal, although a diffuse 2 x 2 pattern has been found for Cu on Re(0001) [lo] . The surface was carefully checked by AES after the appearance of the 2 X 2 structure, and no oxygen or other impurities were detected. The 2 X 2 pattern therefore does not arise from surface impurities. Although it is difficult to interpret the 2 X 2 structure, two explanations are possible: (a) This is a structure of Co(OOO1) with a 2 X 2 reconstruction, which appears to depend on the size of the Co clusters. (b) The 2 x 2 is a superstructure of Co on Mo(ll0) which likely resides on top of the pseudomorphic layer. Further studies are required to define clearly the origin of the 2 X 2 structure.
CO adsorption on Co / Mo(1 IO)
In the next two sections, the chemisorptive properties of ultrathin Co films have been studied with TPD employing the probe molecules CO and D,. In the following discussions, the morphology of the Co thin films is assumed to be unperturbed by the adsorption of CO or D,. The exposures were carried out using a metal gas doser which enhances the local pressure -20 times above that of the background.
This procedure minimized contributions from adsorption and desorption from the back face of the crystal.
In fig. 10 are shown the TPD spectra of CO from Co/Mo(llO) as a function of CO exposure. Co was deposited to 2.0 ML at a sample temperature of 115 K and then annealed to 1100 K. The TPD spectrum of CO (dashed lines) from clean Mo(ll0) consists of one broad peak (&) around 345 K and a peak (&) at 1070 K. The /?i peak desorption maximum is at a temperature typically found for desorption of molecularly adsorbed CO. &, on the other hand, is likely due to recombination of dissociated CO. With 2.0 ML Co on Mo(llO), the TPD spectra of CO are completely (ll0) following various exposures of CO at 115 K. The Co was deposited at 115 K and then annealed to 1100 K prior to the CO exposure. The TPD spectra of CO from Mo(ll0) and Co(OOO1) are also presented for reference (dashed lines). lb0 300 500 700 900 1100 1300
T(K) Fig. 11 . Temperature-programmed desorption spectra of CO from various coverages of Co on Mo(ll0).
The 1.1, 2.1 and 5 ML Co were deposited at 115 K and then annealed to 1100 K prior to the exposure of -20 L CO at 115 K.
different from the spectra from either clean Co(OOO1) [21] or from clean Mo(ll0). A new state, labeled as yi, appears at a peak maximum of 410 K. As the CO coverage increases, the peak maximum does not shift, indicating first-order kinetics. The peak temperature of the y, state is 20 K lower than that from a clean Co(OOO1) [23] , implying, therefore, that the CO bonding to the Co overlayer is weaker than that of CO to clean Co(OOO1). The high temperature & peak of CO from Mo(ll0) disappears and a new peak (y2) appears at 950 K, a temperature which typically corresponds to desorption of dissociated CO. Similarly, the dissociation of CO has been shown to take place on monolayer Co on W(110) [5] . Polycrystalline Co also has been reported to dissociate a fraction of adsorbed CO [22] , thus it is likely that the yz state is due to dissociation of CO on the Co overlayers.
In fig. 11 are shown the TPD spectra of CO from various coverages of Co on Mo(ll0). Co was evaporated onto Mo(ll0) at T, = 115 K and then annealed to 1100 K. A CO exposure of -20 L was given to each Co coverage at 115 K. As the Co coverage increases, the peak maximum shifts to higher temperatures, approaching that of CO on Co(OOO1) [21] . At -5 ML coverage of Co, the peak temperature of the TPD spectrum is very similar to that from Co(OOO1). From monolayer Co to 5 ML coverage, the activation energy (E,)
for CO desorption changes from 23 to 25 f 5 kcal/mol. To estimate these activation energies, a Redhead formalism [23] was used with an assumption of first-order kinetics and a frequency factor of 10'3.
The smaller activation energy for CO desorption from the CO films on Mo(ll0) compared to the (0001) surface of bulk Co suggests a reduction in the bond strength of CO to the films relative to Co(OOO1). Several factors could contribute to the weakening of the CO bond in the Co overlayer system; however, one likely cause is charge transfer between Co and MO at the interface. Charge transfer has been proposed for the change in the bond strength of CO to Ni overlayers on W(110)
131.
In order to further understand the role of the substrate and overlayer in the weakening of CO bonds, the chernisorption of CO on Co/Mo(llO) was carried out without annealing the interface. Two spectra are shown in fig. 12 for Co coverages of 1.9 and -5 ML. It is noteworthy that the y1 peak for the -5 ML Co on Mo(ll0) shows a 60 K lower desorption peak maximum than that for the annealed ( -S ML) Co/Mo(llO) in fig. 11 . Co at -5 ML on Mo(llO), unannealed following deposition, has been shown to grow layer by layer. The MO substrate in the unannealed case is expected to have little influence on the CO-Co bond. (AES results show a nucleation of cobalt only at T> 400 K (fig. 4) .) Fig. 12 indicates that the temperature shift of the CO desorption peak from thin Co overlayers can be attributed to additional effects besides simply those due to electronic interactions of the overlayer with the substrate. Although substrate-overlayer interactions likely play a role in altering the CO bonding at submonolayer and monolayer Co coverages, the intrinsic properties of the film itself apparently contribute to the weakening of the CO bond at higher coverages of Co.
It is also noteworthy that the spectrum with 1.9 ML Co on Mo(l10) (in fig. 12 ) clearly shows a desorption peak (yz) at -950 K with a shoulder at -875 I(. As discussed above, this yz state most likely arises from the recombination of dissociated CO on the thin overlayers of Co. 1100 K prior to Dz exposure at 115 K. The spectra from clean Mo(ll0) shows one primary desorption peak labeled as /I, with a small secondary peak at -280 K. The Co-covered Mo(ll0) shows a new desorption state at -340 K, labeled as y. The peak maximum of the y peak shifts toward low temperatures as the deuterium coverage increases, indicating second-order desorption kinetics. These kinetics are consistent with desorption involving the recombination of atomic D. The desorption state, y, corresponds to a lower activation energy for desorption than that from clean co(oOo1) [25] .
Figs. 14 and 15 show TPD spectra of Dz from Co/Mo(llO) with different Co coverages unannealed and annealed to 1100 K, respectively. A Dz exposure of -20 L was dosed at 115 K for the various Co coverages. Several points are noteworthy in Figs. 14 and 15: (a) The y state shows a desorption peak with a smaller E, for desorption than that from clean Co(OOO1). (b) At a high coverage of Co ( -5 ML), the annealed surface 100 300 500 700 T VI Fig. 15 . Temperature-pr~r~~ desorption spectra of deuterium from various coverages of Co on Mo(ll0). The Co was deposited at 115 K and then annealed to 1100 K prior to the exposure of -20 L deuterium at 115 K. exhibits a peak temperature for the y state that is -80 K higher than that for the unanneaied surface. (c) On the annealed surface, the y peak desorption temperature approaches that of D, from bulk Co(OOO1) as the coverage of Co increases. (d) The population of the y state on an annealed surface with -5 ML Co is less than that for the unannealed surface. The weakening of the metal-l) bonds for the ultrathin Co film is evident compared to bulk Co(OOO1). A similar weakening of the metal-D bond also has been observed for Co on W(110) [S] . The effect of annealing on the TPD spectra suggests that the D-metal bond is also influenced by the imperfection of the overlayers (see section 3.4). The p desorption state from Co-covered Mo(ll0) is believed to arise from desorption from the back face or edges of the sample, since its desorption area is appro~mately half that from clean Mo(ll0). This "back face" effect is more pronounced for hydrogen adsorption than for CO because of a higher sticking coefficient of H, compared to CO on Mo(ll0).
It is interesting to note that the y state has a significantly higher population at -5 ML Co than at 1.5 ML. Assuming the deuterium coverage at 1.5 ML Co is 1 ML, corresponding to saturation of the first uniform layer of Co, the coverage of D at -5 ML is then 2.9 ML. Deuterium may diffuse into unannealed Co thin films through surface defects. Upon annealing, the y state population decreases to 1.7 ML, possibly due to a decrease in the density of the surface defects. The origin of the shoulder in the spectra of Dz from Co-covered Mo(l'l0) at -280 K is unclear.
Finally, in fig. 16 TPD spectra are presented of deuterium from a Co/Mo(llO) surface prepared in the following way: a 20 L exposure of D, was dosed at 115 K and the surface then covered with Co. The y state of D from Co thin films is clearly seen, indicating diffusion of D from the MO surface to the Co overlayer. Interestingly, as the Co coverage increases, the population of the y state, relative to the j3 state, increases and the peak desorption temperature shifts to a slightly higher temperature, suggesting that deuterium may absorb into (ll0) with an activation energy of 85 kcal/mol.
At coverages < 0.75 ML, Co is believed to form a pseudomorphic layer on Mo(ll0). Above 0.75 ML Co, a LEED pattern, designated as a 9 X 2 structure, is observed and interpreted as arising from a distorted (0001) lattice of Co on Mo(ll0).
Annealing multilayer Co to T, > 400 K causes the formation of 3D Co clusters, indicated by a significant decrease in the CO/MO AES ratio. The 3D clusters desorb as the p, state in the TPD spectra of Co following zeroth-order kinetics with an activation energy of 81 kcal/mol.
Two ordered LEED patterns, the hexagonal and the 2 x 2, are seen at multilayer coverages of Co. The hexagonal pattern is assigned to correspond to Co clusters with distorted (0001) faces parallel to the Mo(l10). Co appears to grow on Mo(ll0) epitaxially with a Nishiyama-Wassermann orientation. The 2 X 2 Co structure is proposed to result from a reconstructed (0001) phase of the Co clusters. Thermal desorption of CO or D, from Co overlayers on Mo(ll0) reveals desorption states with activation energies lower than the analogous states from bulk Co(OOO1). As the overall coverage of Co increases, the peak desorption maxima approach those from bulk Co(OOO1). The CO TPD results further indicate that imperfections in the Co films at high coverages may also be responsible for the weakening of the CO-metal bonds.
